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How does the brain order successive events? Here we studied whether temporal order of two stimuli delivered in rapid succession, one to each hand, is determined before or after the stimuli are localized in space. When their arms were crossed, subjects could accurately report the temporal order, even when the interval between stimuli was as short as 70 ms. In most trials, subjects could also judge temporal order when their arms were crossed, but only if given adequate time (>1 s). At moderately short intervals ( 0.88; for example, black curves in Fig. 1a–c). The time constant σu in nature neuroscience • volume 4 no 7 • july 2001



Eq. 1, corresponding to the stimulation interval that yielded 84% correct responses (relative to the asymptote), was 74 ms for the pooled data (Fig. 1d), and ranged from 30 to 131 ms (mean ± s.d., 71 ± 25 ms) for individual subjects (for example, Fig. 1a–c). Surprisingly, when the arms were crossed, many subjects reported inverted judgment at intervals of around 100–200 ms (for example, red dots in Fig. 1a and b). In the most apparent case (Fig. 1a), the subject’s report was completely inverted when the stimulation interval was 100–200 ms. The correct judgment was restored as the interval approached 1,500 ms (Fig. 1a, red dots), clearly indicating that the inverted judgment was not caused by a trivial confusion in distinguishing between the two hands. This was further confirmed in a reaction time task in which a single stimulus was delivered randomly to one of the two hands. The subjects (n = 20) could correctly respond in most trials, whether the arms were crossed (97.5%; n = 2,400) or uncrossed (99.5%; n = 2,400), indicating that the simple error in identifying which hand was stimulated was negligibly small, even when the arms were crossed. In 5 of 20 subjects (for example, Fig. 1a and b), the tendency for reversal in the crossed condition was so strong that the response curve became N-shaped with a decreasing portion at short intervals within ∼300 ms. The N-shaped order-judgment probability curves cannot be explained by simple monotonic functions (such as Eq. 1). To develop a new function, we evaluated the probability of judgment reversal by subtracting the order-judgment probability in the uncrossed condition (pu, black curves in Fig. 1) from that in the crossed condition (p c , red dots in Fig. 1). Because the order-judgment probability in the uncrossed condition (pu, black curves in Fig. 1) approached zero or one at intervals longer than 100 ms, the difference (pc – pu) at these longer intervals (less than –100 ms and greater than 100 ms) reflects the probability of judgment reversal. The difference (pc – pu, red dots) decayed with the stimulation interval and in a Gaussian manner (blue curves) (Fig. 2a and b). Therefore, we 759
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hypothesized that the order-judgment probability in the crossed condition (pc) is reversed from that in the uncrossed condition (pu) by a flip probability (fl or fr) that decays in a Gaussian manner as the interval (t) increases (Eqs. 2, 3 and 4, see Methods). The flip model successfully explained the N-shaped changes (Fig. 1a and b, red curves). In addition, the model successfully explained data from all the other individual subjects, who showed smaller differences between the crossed and the uncrossed conditions (for example, Fig. 1c), as well as the pooled data from all subjects (Fig. 1d). Determination coefficients (r2) were larger than 0.8 in 17 of 20 subjects, and 0.995 for the pooled data (Fig. 1d). The standard deviation of the Gaussian function (Fig. 2a and b, σf in Eqs. 3 and 4) can be considered as the time window of the judgment reversal. The width of this time window was 293 ms for the pooled data (Fig. 2a) and distributed in a similar
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Fig. 1. Temporal order judgment in the crossed (filled red circles) and the uncrossed (open black circles) conditions. Data from three individual subjects (a, subject K.K.; b, T.K.; c, Y.S.) and from all subjects (d, n = 20) are shown. The order-judgment probability (ordinate) that the right hand was stimulated earlier than the left is plotted against the stimulation interval (abscissa). A positive interval indicates that the right hand was stimulated first. Each circle represents the order-judgment probability calculated from 14 responses in (a–c), and from 280 responses in (d). Black and red curves show the results of model fitting in the uncrossed condition (Eq. 1) and in the crossed condition (Eqs. 2–4), respectively.



range (362 ± 177 ms) for individual subjects (for example, 459 ms for subject K.K. in Fig. 2b). The height (Al) and depth (Ar) of the Gaussian curves (Fig. 2a) reflect the probability that the subject’s judgment would show inversion from ‘left first’ to ‘right first,’ and from ‘right first’ to ‘left first,’ respectively. These values were 0.32 (Al) and 0.20 (Ar) for the pooled data (Fig. 2a), and were as large as 1 (Al) and 0.81 (Ar) in subject K.K. (Fig. 2b), but varied widely among the 20 subjects (Fig. 2c). Nonetheless, the flip model succeeded in reproducing the wide variety of response curves, from N-shaped (Fig. 1a and b) to monotonic (Fig. 1c). In Fig. 2c, Al was larger than Ar in most (15 of the 20) subjects. The number of subjects with larger Al (15) and the number of subjects with smaller Al (5) were significantly deviated (goodnessof-fit test; χ2 = 5.0, df = 1, p = 0.025) from the evenly split number (10 and 10), suggesting that the left-hand-first stimulation was generally more subject to the judgment reversal than the righthand-first stimulation. This asymmetry might have some relevance to the lateralization in the judgment of temporal order9, though it remains an open question requiring further studies. The mean reaction time in the crossed condition (red dots) was longer than 600 ms over the entire stimulation interval, and was longer by 100–200 ms than in the uncrossed condition (Fig. 3, open circles). To see if there was any improvement in the responses when more time was given for reaction, three subjects were asked to respond after a beep sound delivered with a delay of 1–1.5 s after the second stimulus. The tendency of reversal errors in the crossed condition obtained from these subjects (Al = 0.39, Ar = 0.21) were as strong as in the self-initiated response condition. This might suggest that the proportion of errors due to premature responses was already small, if any, with the mean reaction time of 600 ms in the self-initiated response condition. The mean reaction time was longer by 80–90 ms in the crossed condition even when a single stimulation was delivered in control experiments (right single and left single). The effect of



Fig. 2. The Gaussian flip model. (a, b) The difference between the orderjudgment probability in the crossed condition and uncrossed condition (ordinate) is plotted against the stimulation interval (abscissa). (a) Pooled data from 20 subjects. (b) Subject K.K. The difference (red dots) shown in (a) and (b) was calculated from the pooled data from all subjects (Fig. 1d) and the data from subject K.K. (Fig. 1a), respectively. The upward and c downward Gaussian curves (blue) correspond to the flip functions, fl and fr, of the judgment probabilities as defined in Eqs. 3 and 4 in the Methods. Peak amplitudes of the Gaussian flips (Al and Ar in Eqs. 3 and 4) are indicated in (a). (c) Peak amplitudes of the Gaussian flip functions (Al against Ar) in 20 subjects. Note that most plots (15 of 20) are above the line y = x (solid line). nature neuroscience • volume 4 no 7 • july 2001



© 2001 Nature Publishing Group http://neurosci.nature.com



a



Judgment probability



hand crossing on the reaction time to a single stimulation was in basic agreement with results reported in previous studies14,15. The effect shows that the information-processing sequence between a stimulus and a response is crucially dependent on correspondence between the spatial position of the stimulus and the anatomical laterality of the effector, constituting a kind of stimulus–response compatibility14–16. To test whether the reversal errors critically depend on the response method, we required six subjects to respond by making saccadic eye movements to the right or left, rather than by extending the corresponding index fingers. The results in the eye-response condition (Fig. 4) were basically similar to those in the handresponse condition (Fig. 1). The subject with an N-shaped response curve in the hand-response condition (Fig. 1a) again yielded an N-shaped response curve in the eye-response condition (Fig. 4a). The flip parameters (Al = 0.41, Ar = 0.18, σf = 220 ms) calculated from the pooled data (Fig. 4b, n = 6) were comparable to those (Al = 0.32, Ar = 0.20, σf = 293 ms) in the hand-response condition (Fig. 1d). The results suggest that the reversal error occurs centrally before the specific motor response is generated. We further evaluated responses in 6 arm positions in 16 subjects (Fig. 5). In 4 conditions (Fig. 5a–d), the positions of the hands were systematically changed in steps of 45 degrees without crossing the arms, until each hand was placed in the contralateral hemifield (Fig. 5d). In the fifth condition (Fig. 5e), the hands were placed in the same contralateral positions as in the fourth (Fig. 5d) but the arms were now crossed. The last condition (Fig. 5f) was the same as the crossed condition used in the experiments reported above. When the two successive stimuli (with an interval of 200 ms) were delivered to only one of the hands (horizontal red lines), subjects responded correctly more than 80% of the time even when the arms were crossed (Fig. 5e and f, horizontal lines), though the correct response rate was smaller than in the uncrossed condition (>95%).
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Fig. 3. Reaction time in the temporal order judgment. The mean reaction time measured from the second stimulus (ordinate) is plotted against the stimulation interval (abscissa). Filled red and open black circles show data in the crossed and the uncrossed conditions, respectively. Right single and left single, mean reaction time in the simple reaction time task with a single stimulation. Each dot represents mean reaction time calculated from 280 trials in the temporal order judgment task (14 trials × 20 subjects), and from 1200 trials in the simple reaction time task (60 trials × 20 subjects).
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The judgment was basically unchanged as long as the hands were placed in the ipsilateral hemifield (Fig. 5a and b) or aligned sagitally (Fig. 5c). The same sigmoid function (Fig. 5a–c, black curves; σu = 67 ms, pmax = 0.977, pmin = 0.029, d = –4 ms) could fit the data in all three conditions (goodness-of-fit test; χ2 < 31.8, df = 21, p > 0.06, r2 > 0.994). When the hands were placed in the contralateral hemifield when arms were not crossed (Fig. 5d), the time constant (σu in Eq. 1) became slightly longer (88.3 ms, solid curve, r2 = 0.995). However, the data could still be well fitted using the smaller time constant of 67 ms (χ2 = 21.9, df = 21, p = 0.46, r2 = 0.994). The largest changes occurred in the fifth condition (Fig. 5e), in which the hands were in the same (contralateral) positions as in the fourth condition (Fig. 5d) but the arms were crossed. When the sigmoid function (Eq. 1) was fitted to the data, the time constant was 271 ms (r2 = 0.92), which was significantly greater than the 67 ms (χ2 = 127, df = 21, p < 10–14). The fitting by the Gaussian flip model (Fig. 5e, red curve, r2 = 0.96) yielded flip parameters of 0.54 (Al) and 0.32 (Ar). These flip parameters were as large as those estimated for the crossed condition shown in Fig. 5f (0.42 and 0.37). These results suggest that crossing of the forearms was critically important for the inverted judgment. It can still be argued, however, that it is not the arm position in space, but the mutual contact of the arms in the crossed condition that was responsible for the reversal. Therefore, we compared the judgment probability in the crossed condition with mutual contact of the arms with that in another condition where the arms were crossed but mutual contact was avoided by using a bridge over the lower arm. The judgment in the crossed conditions with (filled red circles) and without (open red squares) mutual contact overlapped (Fig. 6a). The data in the two conditions were explained by a common response curve (Fig. 6a, red curve) derived from the same set of parameters (Fig. 5b; Al = 0.37, Ar = 0.28, σf = 281 ms; χ2 < 20.2, df = 18, p > 0.33, r2 > 0.98). We conclude that the reversal of judgment was not caused by mutual contact of the skin, but by the crossed arrangement of the arms in space. We finally tested whether visual stimuli from hands in the crossed condition could cause the reversal of subjective temporal order. The subjects were thus required to order two successive visual stimuli delivered from two light-emitting diodes attached
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1500



Fig. 4. Temporal order judgment in eye-movement response tasks. Data from one individual subject (a, subject K.K.) and from six subjects (b) are shown for the crossed (filled red circles) and the uncrossed (open black circles) conditions. Other conventions are as in Fig. 1. 761
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Fig. 5. Temporal order judgment in six arm arrangements. The order-judgment probability (ordinate) is plotted against the stimulation interval (abscissa), as in Fig. 1. Responses differ according to whether the arms were uncrossed (a–d; inset) or crossed (e, f). Each symbol represents the order-judgment probability calculated from 128 responses (8 trials × 16 subjects). Black (a–d) and red (e, f) curves show the results of model fitting using the sigmoid model (Eq. 1; a–d) and the Gaussian flip model (Eqs. 2–4; e, f), respectively. Red horizontal lines show the correct response rates in catch trials (n = 128) in which successive stimuli (200-ms intervals) were delivered to a unilateral hand.



to the distal surface of the fourth digits. With the visual stimuli, the judgment in the crossed condition (Fig. 7, filled red circles) was as precise as in the uncrossed condition (open black circles). The data in the two conditions were well fitted by a common response curve (Fig. 7, black curve) derived from a same time constant of 54 ms (χ2 < 35.8, df = 25, p > 0.07, r2 > 0.96). The results suggest that pathways for the transduction of somatosensory signals are critically involved in producing the reversal errors.
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Here we demonstrated that the subjective temporal order of two stimuli delivered to the two hands can depend critically on whether the two arms are crossed or uncrossed. In a quarter of the subjects, the effect was so strong as to yield N-shaped response curves, indicating clear reversal errors at mod1
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